This paper analyzes the activity-trip chaining behavior of urban low-income populations in Nanjing, China, based on a specific travel survey of low-income residents of Nanjing city (2010), and the database of residents travel survey of Nanjing city (2009). Individual's information of activity participation and trip chains is extracted from the daily travel diary and matched with individual and household characteristics. On top of correlation analysis and normalization process, using the software AMOS, two structural equation models are formulated to analyze the relationship among individuals' sociodemographics, activity duration, and trip chains of low-income populations and non-low-income populations, respectively. Seven household characteristics and six individual characteristics are chosen as the exogenous variables, while 4 indices of activity duration and 4 indices of trip chains are sleeted as the endogenous variables. The result shows that the activity-travel behavior of urban low-income populations is quite unique, which offers promising insights into activity-trip chaining behavior of the poor and extends the need to crafting effective transportation policies specifically for urban low-income populations in developing countries.
Introduction
Because of the fast urbanization in developing countries, large amount of peasants swarm to the urban area and work there. These peasant-workers together with unemployed city residents consist the main parts of urban low-income populations in developing countries. However, in recent years, the soaring house price in big cities forces urban lowincome populations move to the urban fringe in developing countries; meanwhile, transportation becomes a big problem to these low-income residents. How to satisfy the travel demand of urban low-income residents and how to provide cheap and convenient service for them are urgent problems to be solved. The research on travel behavior of low-income residents can help to promote social fairness and justice, ease the social conflicts, and build a harmonious society.
To solve the various transportation problems encountered by the urban low-income populations in developing countries, it is required to capture the characteristics of their activity-travel behavior first. An activity-based survey method was selected because it typically yields higher rates of trip recall than other methods and is therefore relatively well suited to investigate travel behavior in its fuller complexity. As an extremely flexible linear-in-parameters multivariate statistical modeling technique, structural equation modeling (SEM) has been proved to have considerable potential in modeling activity-based travel demand modeling.
The primary intention of this paper is to explore the characteristics of activity-trip chaining behavior of urbanlow-income populations in developing countries. Specifically, we use the structural equations to analyze the correlation of sociodemographic, activity participation, and trip chaining behavior of urban low-income populations and capture the most critical factors that influence the travel behavior of the poor by comparing the urban low income populations and non-low-income populations. Our findings are expected to further add to the rich body of knowledge on activitybased travel demand modeling by focusing on urban lowincome populations, meanwhile providing useful information for crafting effective policies to guarantee the cheap and convenient travel of the poor. The organization of the paper is as follows. In the following section, we briefly review the relevant literature on the topic of this study. In Section 3, we introduce the principle of structural equation modeling. Section 4 describes the data used in this paper. Section 5 presents the development and calibration of the models. Section 6 presents selected findings of model estimation results. Finally, the paper ends with conclusions and future research directions.
Literature Review
In the literature, travel behavior of urban low-income residents has not been studied much due to the limited data. Several representative studies are listed as follows.
Giuliano et al. examined the use of public transit by lowincome households and they declared that public transit is not a reasonable substitute for the private vehicle for most people, poor or not poor [1, 2] . Blumenberg and Haas claimed that welfare recipients with unlimited access to automobiles have higher employment rates and report fewer transportation problems [3] . Clifton presented a few of the challenges facing those interested in the intersection between poverty and travel behavior and introduced opportunities to explore lowincome travel using some new approaches [4] . McDonald et al. found that the free-bus pass program increased lowincome students' bus ridership and after-school participation; they also found that the increases in bus use were greater among free-bus pass holders, in areas with high levels of bus service and among high school students [5] .
The above studies are all based on the data of developed countries. Recently, some researches started to focus on the low-income populations in developing countries. Using an activity diary survey administered in Cape Town, a city of South Africa, Behrens found that travel occurring by nonmotorized modes, for non-work purposes and during off-peak periods, is considerable. They also argued that restricting the focus of analysis to motorized, work, and peak period tripmaking can create serious misconceptions of the true nature of travel behavior, particularly of low-income households [6] . Srinivasan and Rogers surveyed 70 households which were located in two different parts of Chennai (a city of India). The results indicated that residents in the centrally located settlement were more likely to use nonmotorized travel modes than the peripherally located residents [7] .
More recently, researchers paid more attention to the mobility of low-income populations. Thakuriah et al. proposed an index of perceived service importance (PSI) to evaluate low-income transit services [8] . Taylor et al. focused on the role of the car of the travel choices and needs of lowincome households and they concluded that the car clearly plays an important role in the lives of low-income households [9] . Gao and Johnston examined possible impacts of car ownership promotion versus transit improvements on job accessibility, work trips, and traveler benefits, for low-income households [10] .
However, most of the travel behavior studies pertaining to low-income populations are trip-based and ignored the effects of activity participation on travel behavior. None of these studies have examined trip chaining behavior of the poor.
After 30 years of development, activity-based travel demand modeling has been widely used in travel behavior analysis, but there are few activity-based travel demand models specifically for low-income populations. Meanwhile, due to the availability of improved software, structural equation modeling (SEM) has become an effective tool to model travel behavior, especially in the field of activity-based travel demand modeling [11] .
Kitamura et al. was the first to apply SEM in modeling joint demand for activity duration and travel. Based on the California time use survey data, they confirmed a negative feedback of commute time to non-work activities [12] . Lu and Pas described the development, estimation, and interpretation of a model relating sociodemographics, activity participation, and travel behavior. Using the structural equation modeling methodology with the endogenous variables of travel behavior indices, a complex set of interrelationships among the variables of interest is estimated simultaneously. They found that travel behavior can be better explained by including activity participation endogenously in the model than through sociodemographics alone [13] . Golob estimated a joint model of work and non-work activity duration, four types of trip chains, and three measures of travel time expenditure. In this model, maximum likelihood (ML) estimation was applied to Portland data, and the effects of in-home work and residential accessibility were also explored [14] .
More recently, using activity-based travel survey data collected in the Washington, DC metropolitan area, Kuppam and Pendyala carried out an exploratory analysis of commuters' activity and travel patterns to investigate and estimate relationships among sociodemographics, activity participation, and travel behavior. The model estimation results show that significant trade-offs exist between in-home and out-of-home activity participation [15] . Chung and Ahn used structural equation models to analyze the day-to-day activity participation and travel behavior in a developing country. They confirmed that activity patterns are significantly different on weekdays and weekends. Furthermore, they found that during weekdays there are some day-to-day variations in the patterns of activity participation and travel behavior [16] .
Due to the modern and hectic life style, travel behavior of people is becoming complex day by day, especially in fast developing countries. Therefore, the better understanding of trip chain decision making is necessary to transportation researchers and policy makers. In the last few years, researchers began to study the trip-chaining behavior in developing countries [17, 18] . However, to the best of our knowledge, there is still no research specifically for the lowincome populations in developing countries, who are the main focuses of this study.
To sum up, previous studies have confirmed that activity participation had a significant relationship with travel behavior, particularly in time use. However, less work has been done to explore the impact of activity participation on trip chaining specifically for low-income populations. Since previous studies have primarily focused on households in developed courtiers, there is a great need to formulate relationships of sociodemographics, activity participation, and trip chaining of urban low-income populations in developing countries, such as China.
Methodology
In order to estimate a simultaneous model of the interrelationship among sociodemographics, activity duration, and trip chaining behavior of urban low-income residents, we applied the methodology of structural equation model (SEM). In addition, we are also interested in the direct and indirect effects of one variable on another, which can be provided by the estimation result of structure equation model.
Since all variables used in this research are observed variables, structural equation models without latent variables are therefore reduced to the following form:
where y is a column vector of endogenous variables, x is a column vector of exogenous variables, B is a matrix ( × ) of direct effects between pairs of endogenous variables, Γ is a matrix ( × ) of regression effects associated with exogenous variables, and is a column vector of the error terms, with the standard assumption that is uncorrelated with x. Further, we denote Φ by the covariance matrix of x and Ψ by the covariance matrix of . Structural equations systems are estimated by covariancebased structural analysis, in which the difference between the sample covariance and the model implied covariance matrices is minimized. The fundamental hypothesis for the covariance-based estimation procedures is that the covariance matrix of the observed variable is a function of a set of parameters as shown in the following equation: Σ = Σ( ), where Σ is the population covariance matrix of observed variables, is a vector that contains the model parameters, and Σ( ) is the covariance matrix written as a function of .
The matrix Σ( ) has three components, namely, the covariance matrix of y, the covariance matrix of x with y, and the covariance matrix of x. Then, it can be shown that
The unknown parameters in B, Γ, Φ, and Ψ are estimated so that the implied covariance matrix Σ is as close as possible to the sample covariance matrix S. In order to achieve this, a fitting function F(S, Σ( )), which is to be minimized, is defined. The fitting function has the properties of being scalar, greater than or equal to zero if and only if Σ( ) = S, and continuous in S and Σ( ) [19] .
Several methods can be used to estimate the parameter in structural equation model, including: maximum likelihood (ML), unweighted least squares (ULS), generalized least squares (GLS), and diagonally weighted least squares (DWLS). In this paper, we primarily used the ML estimation approach.
Data Description
The city selected for this study is Nanjing, the capital of Jiangsu Province, China. With a total land area of 6,589 square kilometers and an urban population of over eight million (2013), Nanjing is the second largest commercial center in East China after Shanghai.
There are two sources of data; the group of low-income population is from a specific travel survey of low-income residents of Nanjing City (2010) and the group of nonlow-income is from the database of residents travel survey of Nanjing City (2009). In both surveys, all respondents were asked to record their activity and travel information within one weekday on a travel diary. In addition to the activity and travel information, each respondent is required to report the usual set of his/her household and personal sociodemographics.
In the specific survey of low-income populations (2010), 1000 questionnaires were delivered to low-income people residing in three parts of Nanjing City, including shanty areas in inner-city (300 copies), welfare-oriented public housing neighborhoods in the edge area of inner-city (200 copies), and the economically affordable housing neighborhoods in urban fringe (500 copies). Then, totally 904 questionnaires returned from all the surveyed areas.
The non-low-income group consists of residents whose annual per-capita income is higher than the minimum salary threshold of Nanjing City. Thus, 8666 non-low-income residents are selected from the database of residents travel survey of Nanjing City (2009). After eliminating missing data and performing logic checking, we selected 846 individuals in the low-income group and 7534 individuals in the non-lowincome group.
Based on previous research and single factor analysis of sociodemographic attributes and endogenous variables, 7 household attributes and 6 individual attributes are selected as the exogenous variables, while the indices of activity participation and trip chains are selected as the endogenous variables. In particular, the descriptors of activity participation are defined by the duration of four types of activity: in-home, subsistence, maintenance, and leisure. The trip chaining characteristics are defined by descriptors of 4 items, namely, number of work chains, travel time of work chains, number of non-work chains, and travel time of non-work chains (see Table 1 ).
Statistical characteristics of exogenous variables are shown in Tables 2 and 3 . It can be found that 67.5% of lowincome residents live in the urban fringe, while 60.1% of the non-low-income residents live in main urban area. Annual household income of low-income populations mainly concentrates on low groups of 10,000∼20,000, and 20,000∼ 50,000 RMB, which take up 32.6% and 45.0%, respectively. In contrast, their non-low-income counterparts concentrate on middle-to-high groups of 20,000∼50,000 and 50,000∼ 100,000 RMB. Note that, 18.2% of low-income household own at least one car and 13.9% of the low-income individuals hold a driving license, which indicates that automobile begin to enter the Chinese urban families, even the not so affluent ones. Table 4 shows statistical characteristics of the 8 endogenous variables that consist of descriptors of activity and trip chaining. Note that, on average, the duration of out-of-home activities are less in the low-income group than that of the non-low-income group. The number of trip chains indicates that low-income populations generally do less out-of-home activities.
Model Specification
On the basis of activity-based travel demand theory and previous researches on SEMs, a possible structural equation modeling framework was laid out as shown in Figure 1 , which captures the interrelationships among sociodemographics, activity participation, and trip chaining simultaneously.
There are three basic assumptions in the initial SEM models. First, sociodemographics characteristics affect both the activity participation and travel behavior of travelers. Second, the increase of in-home activity participation will reduce the time spent on out-of-home activities, the three types of out-of-home activities affect each other mutually. Third,
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Discrete Dynamics in Nature and Society household and individual characteristics not only influence trip chaining behavior directly, but also affect trip chaining indirectly through activity participation of individuals. The above initial SEM models were estimated by using the software of AMOS 7.0. The maximum likelihood (ML) method was selected as the estimation method, because it converges more rapidly and the results are also easier to interpret compared with the "distribution free" approach (e.g., DWLS) [14] . Generally, the initial model does not perform well; thus, it needs some modification by adding or deleting links according to both their significance which is suggested by the model output and their interpretability. After the modification procedures, we obtained two final models, as shown in Figures 2 and 3 . Table 5 listed goodness-of-fit of the two models. For Model A, which represents the low-income group, the 2 is 79.8 with 88 degrees of freedom, and value is 0.722 (greater than 0.05), indicating that the null hypothesis ( 0 : Σ = Σ( )) cannot be rejected. Other measures of fit, such as GFI = 0.991 (that ranges from 0 to 1), and root mean square error of approximation (RMSEA = 0.000) are also found to be acceptable by model fit criteria for structural equation model. Hoelter's critical (CN) statistic is found to be 1175 (greater than 200 is considered a good fit), which is the sample size at which value of the fitting function ML would lead to the rejection of the null hypothesis, 0 (i.e., Σ = Σ( )), at a chosen significance level. Similarly, Model B, which is pertaining to the nonpoor, is also quite satisfactory. They are called direct effects, indirect effects, and total effects, respectively. Note that direct and indirect effects may be of different signs, thus having an important implication for the overall total effect. For example, it can be seen in Table 10 (Model A) that the subsistence activity duration (D S) has a negative direct effect (−0.121) and positive indirect effect (0.149) on the travel time of work chains (T W). Because D S has negative direct effects on D M and D L (e.g., −0.090 and −0.418, resp.), both of which have negative direct effects It is can be found that strong relationship exists among the sociodemographics, activity participation, and travel behavior, both for the poor and the nonpoor. In the following, we will examine the effects in detail from 4 aspects: effects of sociodemographics on activity duration and trip chaining, effects of activity durations on each other, effects of tripchaining on trip chaining, and effects of activity duration on trip chaining behavior.
Model Estimation Results

Effects of Sociodemographics on Activity Duration and Trip
Chaining. From Tables 6 and 7 , we can see that, in both groups, some sociodemographics significantly affect all four types of activities and four trip chaining variables. The household and individual characteristics that are systematically important in explaining variations in activity participation and travel behavior include house location, income, number of preschool children, age, gender, and educational level.
Combining the path diagram in Figures 2 and 3 , it can also be found that household characteristics have more influence on the activity participation of low-income population (12 routes from household characteristics to activity durations and 11 routes from individual characteristics to activity durations), while individual characteristics have more influence on the activity participation of the nonpoor (7 routes from household characteristics to activity durations and 17 routes from individual characteristics to activity durations). In addition, sociodemographics have more direct influence (22 routes) on the trip-chaining in the low-income group than that of the nonpoor (17 routes).
Specifically, the number of preschool children significantly affects the activity duration of the low-income group, but it has no effects on that of the non-low-income group. On the contrary, the IC factor does not influence low-income populations' activity duration at all but has significant effects on non-income populations. Table 8 , it can be found that interaction effects among 4 activity durations follow the same framework both in Model 
Effects of Activity Duration on Activity Duration. From
Effects of Trip Chaining on Trip
Chaining. According to Table 9 , the effects of trip-chaining characteristics on each other also follow similar frameworks in both models. Note that the absolute value of effects of work chains on non-work chains of the poor is larger than that of the nonpoor. It can be explained that low-income residents have less freedom to participate in different types of activities other than work due to their economic status. Table 10 show that, both for the poor and nonpoor, travel is derived from activity participation. Activity duration also affects trip chaining behavior besides sociodemographics. For example, we find that number of work chains (N W) and the travel time of work chains (T W) Table 10 , we can also find that, in different models, the effects between the same variables are different. For example, the absolute value of total effect of D M on N W is smaller in the low-income group than in the non-low-income group; however, the corresponding absolute values of direct effect and indirect effect are larger in Model A than that in Model B.
Effects of Activity Duration on Trip Chaining. The estimation results in
In general, the absolute values of effects in Model B are greater than their counterparts in Model A, which indicates that activity participation has larger effects on the trip chaining characteristics in the group of non-low-income population than that of the poor. This scenario is possibly because the sample size of the low-income group (846) is much less than that of the non-low-income group (7534); thus, on the whole, the causal relationship of activity duration and trip chaining behavior revealed in Model B is stronger than that in Model A.
Conclusions
This paper focuses on the activity-trip chaining behavior of urban low-income populations in developing countries. Using the data of residents travel survey of Nanjing City (2009) and a specific travel survey of low-income residents of Nanjing City (2010), we proposes two structural equation models to investigate the relationships among sociodemographics, activity participation, and travel behavior of both low-income populations and non-low-income populations of Nanjing City. Based on the model outputs, we analyzed four categories of effects of the two groups. The general findings can be summarized as follows.
First, on average, the duration of out-of-home activities taken by the low-income populations is less than that of the non-low-income populations, and the less trip chains and less total travel time indicate that low-income populations generally do less out-of-home activities.
Second, the relationships among sociodemographics, activity duration, and trip chaining of both groups can be captured by the proposed SEM models, and most of the estimated effects are quite similar to those reported in the literature. Third, both the structural equation models follow the same modeling framework. Therefore, the activity-trip chaining behavior of both the low-income populations and nonlow-income populations shares some similarities. For example, sociodemographics, especially household income; residential locations; age; and gender significantly affects the activity-trip chaining behavior of both the poor and the nonpoor.
Finally, low-income populations have some unique characteristics on the activity-travel behavior, which are different from those of the non-low-income populations. For instance, household characteristics have more influence on the activity participation of low-income population; the trade-off among the four type activities is differently in two groups; the effects of work chains on non-work chains of the poor are larger than those of the nonpoor; in general, activity participation has greater effects on trip chaining in the group of non-lowincome residents than that of low-income residents.
Based on these findings of travel behavior characteristics of urban low-income populations in developing countries, the following policies are suggested for the government and transportation agencies.
(1) Adopt transit-oriented transportation planning strategy, such as adding new shuttle buses from lowincome population concentrated areas to metro stations and opening new bus lines across low-income neighborhoods step by step.
(2) In order to reduce the monetary cost of low-income residents, the government can either subsidize them directly to improve social equity or introduce two or more bus operating companies to break the monopoly, so as to improve the level of bus service and reduce the bus fares. (3) In the long-term planning, the city should transform from single center pattern to polycentric development pattern. Meanwhile, the government should consider hybrid land use and create more job opportunities near the residential area of low-income populations, such that low-income residents in the urban fringe will not waste two much time on their trip chains. (4) Provide more vocational training for low-income adults and improve their ability of earning money. In addition, guarantee the next generation of lowincome residents can receive high quality education and help them climb higher along the social ladder. These policies can change their inferior position of travel fundamentally.
